( Fig. 1(b) ) was dispersed in 20 ml of water at 100˚C for 30 min, the aqueous dispersion was allowed to cool to 60 -70˚C in air. We then gently pored the aqueous dispersion onto an oil phase, and formed an interface consisting of an oil/aqueous lipid We utilized oil/water interfaces as a new field to produce lipid nanotubes (LNTs), which are formed by the self-assembly of lipid molecules, and possess hollow nanometer-wide cylindrical structures. Compared to the self-assembling field in bulk water, oil/water interfaces produced shorter lipids nanotubes less than 10 µm long more efficiently. In addition, we found that the oil/water interface accumulates lipid nanotubes spontaneously. This methodology is favorable to fabricate LNTs as new nano-fluidic devices, or sensors that require accumulation and alignment in two dimensions.
Introduction
At air/liquid and/or liquid/liquid interfaces, the adsorption and subsequent spontaneous accumulation of amphiphilic molecules effectively take place in two dimensions. Thus, such liquid surfaces and interfaces have provided useful reaction fields to construct molecular-assembled devices, such as LB films. Among the self-assembled molecular devices, lipid nanotubes (LNTs) have attracted much attention ( Fig. 1 (a) ). 1 LNTs are obtainable through the self-assembly of lipid molecules in bulk water under ambient conditions without using any specific instruments. They have nanometer-sized hollow cylinder structures with high-axial ratios. In addition, both the inner and outer surfaces are hydrophilic. We could apply the welldefined, one-dimensional structures of the LNT to channels for nano-fluidic devices, [2] [3] [4] [5] templates for metal nanowire formation, 6, 7 size-selective pores for analytical and/or storage devices, [8] [9] [10] [11] [12] and so on. If we can efficiently produce the LNTs and accumulate them in two dimensions, we can use them as new integrated devices in analytical chemistry and nanomaterial technologies. We have examined the self-assembling behavior of the LNT at an oil/water interface region aiming at an efficient formation of the LNT and their accumulation at the interface. dispersion phase. In the self-assembly of lipid molecules, hydrogen-bonding between OH groups of the sugar moieties and hydrophobic interactions between the alkyl chains play crucial roles to form a nanotube structure.
We chose chloroform (CHCl3) and carbontetrachloride (CCl4) as the oil phase.
Results and Discussion
Figure 2 compares optical microscope images for the selfassembled sample at the oil/water interface with that in the aqueous bulk phase three days after the formation of the oil/water interface. We sampled 2 µl from the interface region of the oil/water interface and bulk phase, respectively. Many short LNTs of less than 10 µm long were dominant at the oil/water interface area compared to those formed in the bulk phase. We also noticed that longer LNTs of over 10 µm coexisted in the sample obtained from the interfacial area. These LNTs might be formed in the bulk phase and diffused to the interfacial region.
To obtain insight into the difference in the self-assembling feature between at the interface and in the bulk phase, we monitored the initial stage of the self-assembly of the LNT at the oil/water interface, and compared the number and the length distribution of the LNTs in the same sampling volume. The LNTs used here start to self-assemble below at 70˚C; thus, in this experiment, we gently poured a "hot" (> 60˚C) aqueous dispersion of the lipid molecule onto the oil phase. In this experiment, we chose CCl4 because its boiling point (76.7˚C) is higher than that of CHCl3 (61.2˚C) in order to prevent the instability of the oil/water interface induced by the poring of the hot aqueous dispersion. We then sampled 5 µl from the interface region 10 min after the formation of the oil/water interface. In general, we waited for at least 12 h to obtain many LNTs in the bulk phase. However, in this experiment, the longer was the waiting time, the greater was the number of LNTs that formed in the bulk phase, and then diffused to the interfacial region. It is unfavorable to clearly observe the effect of the interface on the self-assembly of the LNT. Figure 3 shows a histogram of the LNT length. We found an efficient production of LNTs of less than 10 µm long at the oil/water interface even during such a short formation duration (10 min). On the other hand, the number of the LNTs over 10 µm long showed no remarkable difference between in bulk and at the interface. We considered that these longer LNTs began to grow in the bulk phase before and/or just after poring onto the oil phase, and diffused to the interfacial region within 10 min.
To consider the formation mechanism of the short LNTs at the interfacial area, we carried out TEM measurements for the short LNTs obtained at the oil/water interface. We found that most of the short LNTs sampled from the interfacial region possessed a characteristic edge structure consisting of concentric layers (Fig.  4) . In general, amphiphilic molecules self-assemble into aggregates in aqueous solution, depending on the balance between the hydrophilic and hydrophobic interactions. Such aggregates are often based on bilayers, with the hydrophobic tails shielded from water. The bilayers of chiral molecules tend to form high-curvature structures, and sometimes result in narrow cylinders, known as tubules. 13 Although the details about the initial formation mechanism are intriguing, we are presently considering, based on Fig. 4 (a) , that a thick, multilamellar wall of the tubular structure is formed in several steps. At first, the core of the cylinder is formed rapidly, and then another layer, namely the second and more outer layers sequentially grow on the outer surfaces of the core cylinders. 14 Once the core cylinder is formed in the interfacial area, it begins to grow along the tube axis directions. These core cylinders, formed by the amphiphilic molecules, tend to accumulate at the interface, and thus reduce the interfacial tension by adsorption. However, the growth of the bilayer structure to the tube axis should be inhibited by the contact with the oil phase in a similar manner as that described above. The growth of the second layer, and further growth of more outer layer also occurs. They were inhibited by contact with the oil phase. We consider that this is the reason why many short LNTs were observed at the oil/water interfaces. Figure 5 illustrates the suggested mechanism. By increasing the surface ratio of the oil/water interface, we could not only produce short LNTs more efficiently, but could also reduce their length distribution.
Interestingly, within a few days after the formation of the oil/water interface, we noticed that a thin white sheet-like membrane spread over the interface, especially at the rim of the interface (Fig. 6 ). This aggregate did not appear when LNT was formed in bulk water. The mechanism of the accumulation in the lateral direction has not yet been clarified. The capillary force reducing the interface area should be the driving force to shove LNTs to the rim of the interface, and would lead to accumulation. The suggested mechanism of the accumulation of the LNTs is illustrated in Fig. 7 . Efficient formation and subsequent accumulation of the LNTs might provide a new method to produce aligned LNTs in the construction of nanofluidic devices. To control the length and directions of the alignment, we have to control at least the volume-to-surface ratio between the water and oil phase. In addition, the contact time of a hot aqueous dispersion of the lipid monomers and oil phase should also strongly affect the length of the LNTs. The application of a micro-fluidic device, which can form an oil/water interface in a small channel with a high surface-tovolume ratio under the flow condition, might be useful to control such parameteres. 
Conclusion
We examined the self-assembly behabior of the LNTs at oil/water interfaces. When comparing to the LNTs formed in bulk water, we observed many LNTs of less than 10 µm long at the oil/water interface. It was suggested that the oil/water interface accumulated the lipid molecules or their selfassembled precursor of the LNTs. However, the hydrophobic molecules at the oil/water interface intercalated the growing edge of the lipid bilayer and perturbed the further growth of the LNTs, resulting in a reduction of the length of the LNTs. We also found that a spontaneous accumulation of LNTs at the interfacial area took place, especially at the rim of the interface. Such a spontaneous accumulation at the oil/water interface is favorable to form aligned LNTs in two dimensions.
